The cellular environment is complex and differs considerably in terms of viscosity, confinement, and composition from solution conditions under which protein structure and dynamics are commonly studied. The different conditions may affect conformational equilibria and the stability of proteins, and therefore, tracking proteins conformations in their native environment, the cell, though challenging, is of current high interest. This has been addressed by a number of biophysical methods, among them double-electron electron resonance (DEER, also called PELDOR).^[@ref1]−[@ref4]^ DEER measures the dipolar interaction between two paramagnetic centers, which is proportional to 1/*r*^3^, *r* being the distance between the two paramagnetic centers.^[@ref5]^ Since most proteins are diamagnetic, DEER relies on introducing spin labels at well-defined positions in the protein and it provides the distance distribution between the two labels. The insensitivity of DEER to the molecular size and the lack of an environmental background signal make it an attractive method for in-cell structural studies. The transition from solution to in-cell measurements is however challenging because it requires the conjugation between the label and the protein residue, as well as the spin label itself, to be stable in the reducing environment of the cell. Moreover, the measurement sensitivity should be high enough to allow access to protein concentrations close to the physiological range.

The first pioneering in-cell DEER measurements were carried out on a protein^[@ref1]^ and on nucleic acids^[@ref2],[@ref3],[@ref6]^ labeled with standard nitroxide spin labels injected into *Xenopus* oocytes. These works reported the reduction of the nitroxide radical to the corresponding diamagnetic hydroxyl analogue in the cell and this presents a serious obstacle for the development of in-cell DEER. This triggered efforts to synthesize reduction-resistant nitroxides,^[@ref7]^ and recently in-cell DEER measurements were performed with such a new spin label.^[@ref8]^ Another approach uses spin labels based on redox stable Gd(III) chelates,^[@ref4],[@ref9]−[@ref15]^ which feature a high sensitivity at high magnetic fields. In most of these works, the labeled protein was delivered into eukaryotic cells using hypotonic swelling or electroporation.

Trityl-based spin labels comprise yet another new family of spin labels. They possess the exceptional property of having a very narrow EPR spectrum, which ensures high sensitivity and high modulation depth in DEER and other EPR methods for distance measurements.^[@ref16]^ Trityl is also unique in terms of its long phase memory time at room temperature, and this enables trityl--trityl DEER measurements at ambient temperatures.^[@ref17]−[@ref21]^ To date, most of the distance measurements involving trityl spin labels were applied to nucleic acids,^[@ref18],[@ref20]−[@ref27]^ but a few were also reported for proteins.^[@ref17],[@ref28]−[@ref31]^ Trityl-nitroxide^[@ref28],[@ref32]^ and trityl-Gd(III)^[@ref30]^ distance measurements were introduced as well. In-cell distance measurements involving a trityl spin label have so far been reported only for Fe(III)-trityl in cytochrome P450 CYP101 employing the RIDME (relaxation-induced dipolar modulation enhancement) experiment.^[@ref29]^ In this system, Fe(III) is intrinsic, and the trityl label was conjugated via an engineered cysteine residue, forming a stable thioether bond to the protein. The protein was injected into oocytes (the final in-cell concentration was 250 μM) and a RIDME trace with a modulation depth of ∼4%, and an evolution time of 1.5 μs was collected. Although this is a significant advance, the reported signal-to-noise ratio (SNR) and the strong background decay pose challenges. In-cell trityl--trityl distance measurements on biomolecules have not been demonstrated so far.

In this work, we report on W-band (94.9 GHz) in-cell trityl--trityl DEER measurements on two proteins, the K25C/E153C mutant of prolyl cis--trans isomerase B from *E. coli* (PpiB) and the T11C/V21C mutant of immunoglobulin G-binding protein (GB1) labeled with the CT02MA tag^[@ref30]^ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The structures of these proteins were determined by X-ray crystallography^[@ref33]^ and NMR, both in solution and in the solid state.^[@ref34]−[@ref36]^ The structure of GB1 was also determined in cells.^[@ref34],[@ref35]^ In addition, we compared the PbiB K25C/E153C results to those obtained with the same protein labeled with BrPSPy-DO3A-Gd(III) both in vitro and in cell.^[@ref15]^

![Structural representation of (a) PpiB and (b) GB1, of which the cysteine mutation at K25 and E153 in PpiB (PDB code: 2NUL([@ref33])) and T11 and V21 in GB1 (PDB code: 2QMT([@ref36])) are shown; the two corresponding Cα atoms, connected by a dashed line, are denoted. The native cysteine residues C31 and C121 in PpiB are relatively buried and were not modified with trityl tags when labeling takes place at 277 K. (c) Molecular structure of the CT02MA and BrPSPy-DO3A-Gd(III) spin labels used in this work.](jz9b03208_0001){#fig1}

PpiB contains two native cysteines, C31 and C121, which, according to the X-ray crystal structure,^[@ref33]^ are relatively buried and therefore are not expected to be accessible to spin labeling.^[@ref37]^ Indeed, wild-type PpiB does not react with CT02MA under common reaction conditions at 303 K ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). However, when the CT02MA ligation reaction was carried out at 303 K for K25C/E153C, labeling at C31 and C121 became evident (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)).

We optimized the ligation conditions using the K25C mutant, which is close to C31 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)), and therefore, it can affect C31, and this can further perturb the 3D structure. We prepared ^15^N labeled PpiB K25C and investigated by NMR whether the structure of the protein was modified and C31 and C121 were labeled. Incubation of the K25C mutant with 1 equiv of CT02MA in 20 mM Tris buffer, pH 7.2 at 293 K for 5 h broadened the peaks of only a few residues that are close to K25C ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)) owing to paramagnetic relaxation enhancement (PRE), but all other peaks remained in the same positions, indicating no change in the 3D structure of the protein. Furthermore, 10 h incubation with 3.5 equiv of CT02MA at 293 K gave a similar ^15^N-HSQC spectrum with only additional nonspecific PRE broadening observed ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). In both cases, there was no evidence for labeling of C31 and C121 ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). In contrast, increasing the ligation temperature to 308 K resulted in broadening beyond detection of almost all cross-peaks and some new cross-peaks with a narrow dispersion, typically assigned to the unfolded polypeptides, were detected ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). The attachment of CT02MA at C25 probably decreases the stability of the secondary structure in the ligation region, which at a 308 K renders C31 more solvent accessible than the wild type protein, thus allowing labeling. The labeling of C31 further disturbs the 3D structure of PpiB, resulting in exposing C121 for labeling, which is consistent with the MALDI-TOF results shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf). On the basis of mass spectrometry and NMR, we concluded that the labeling of C31 and C121 with CT02MA led to the denaturation of the protein. Accordingly, to achieve selective labeling of PpiB with CT02MA at K25C and E153C, the ligation reaction should be carried out below 293 K; we performed it at 277 K ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)).

The DEER time domain traces of solution PpiB K25C/E153C-CT02MA, measured at 50 K, and the derived distance distribution are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Experimental details are given in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf), along with echo-detected EPR (ED-EPR) and echo-decay measurements ([Figures S5--S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). The latter gave a phase memory time, *T*~M~, of 2.1 μs, limiting the DEER evolution time to 4.5 μs at most. Intrigued by this result, we compared the *T*~M~ values of the free CT02MA in D~2~O/glycerol-d~8~ and H~2~O/glycerol with those of PpiB K25C/E153C-CT02MA in D~2~O/glycerol-d~8~ and H~2~O/glycerol (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf), [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). Interestingly, for the latter, the solvent deuteration had a rather minor effect on *T*~M~. This is in strong contrast to PpiB K25C/E153C labeled with BrPSPy-DO3A-Gd(III) and maleimide-proxy (M-Proxy) (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf), [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)), where solvent deuteration increases *T*~M~ considerably.

![DEER results for PpiB K25C/E153C-CT02MA. (a) W-band ED-EPR spectra of HeLa cells incubated 4 h (red) and 12 h (blue) after electroporation and of the control sample with 4 h incubation but without the electroporation step (gray). The ED-EPR traces were normalized to the intensity of endogenous Mn(II). (b) Primary DEER traces and background function (gray) of the 4 and 12 h in-cell sample (red and blue, respectively), compared with the solution sample (75 μM in D~2~O/glycerol-d~8~, black). (c) DEER traces shown in panel b after background removal and the fitting traces obtained with Tikhonov regularization using DeerAnalysis (gray).^[@ref40]^ (d) Distance distributions. The uncertainty range obtained using a background decay validation of the in-cell sample is shown in light red.](jz9b03208_0002){#fig2}

The distance distribution has a peak at 5 nm, a width of 1 nm at half height, and is in good agreement with the distance distribution predicted from the crystal structure, as derived from mtsslWizard, a PyMOL plugin^[@ref38]^ (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). We have used DEER with chirp pulses to avoid potential orientation selection.^[@ref30]^ The modulation depth, λ, of 30 ± 5%, depending on the measurement conditions and the background function used (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf) and [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)), is higher than what we observed earlier at W-band for ubiquitin and for GB1 measured under the same conditions.^[@ref30]^ We attribute this to the higher labeling efficiency of PpiB K25C/E153C, the absence of free tag and of oxidized tag.^[@ref30]^ DEER was also measured with rectangular pulses and the results were similar ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). The calculated λ value for DEER with observe and rectangular pump pulses of 25/50 and 40 ns, respectively, having a frequency difference of 20 MHz is 42% and for 30 MHz difference is 28%. The calculations of λ were done as described earlier.^[@ref30]^ These values are close to the experimental values of 35% and 32% ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)) and are consistent with high labeling efficiency. For reference, we also prepared PpiB K25C/E153C labeled with M-Proxyl and BrPSPy-DO3A-Gd(III); the distance distribution obtained showed a maximum at 4.5 nm, which is somewhat shorter than that given by CT02MA, again in agreement with the predicted distance distribution from the crystal structure (see [Figure S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)).

PpiB K25C/E153C-CT02MA was delivered into HeLa cells by electroporation,^[@ref11]^ and cells were collected and frozen after 4 and 12 h incubation at 37 °C as described earlier.^[@ref12],[@ref13],[@ref15]^ The resulting in-cell ED-EPR spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) show, in addition to the narrow trityl spectrum, signals of endogenous Mn(II). A control experiment was carried out under the same conditions, but without the electroporation step, and the resulting ED-EPR spectrum consisted of only the Mn(II) signals ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The echo decay of the in-cell samples was faster than that of the solution sample ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). We did not wash the cells with D~2~O before freezing them because the use of deuterated solvent did not extend the phase memory time significantly as described above. The DEER data of cells frozen 4 h after electroporation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) reveal a clear oscillation with a reduction in λ from 32% to 25%, and the derived distance distribution was very similar to that observed in solution ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The sample, incubated for 12 h at 37 °C after delivery, exhibited a considerable reduction in the ED-EPR signal (55% using the Mn(II) signal as an internal standard), and no DEER modulation could be detected ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b).

We tested the stability of the labeled protein toward reduction in solution by adding glutathione ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). Incubation of 30 μM PpiB K25C/E153C-CT02MA with 0.1 mM glutathione for 4 h at 37 °C decreased the modulation depth to 28%, and after 12 h incubation, the modulation depth was further reduced to ∼17%. Exposure to 0.5 mM glutathione for 4 h reduced the depth to 17% and after 12 h, the trityl ED-EPR spectrum vanished. The stability of a trityl radical was also tested in 5 mM ascorbic acid, and a 25% decrease in the spin concentration was reported, whereas incubation for 2 h in a cell extract of *Xenopus laevis* oocytes led to a 40% loss of spin concentration.^[@ref7]^ The decrease in the modulation depth is primarily due to reduction of trityl, as evident by the reduction in the ED-EPR signal intensity. In addition, the increased relative intensity of the overlapping Mn(II) signal adds to the reduced modulation depth. It is also likely that potential thiol exchange processes between intracellular glutathione and the succinimidyl thioether moiety in the protein-CT02MA conjugate,^[@ref41]^ contribute to the loss of modulation depth. These results provide additional evidence that CT02MA labeled PpiB indeed delivered into the cell as spin labels proteins facing the external side of the membrane are not sensitive to reduction^[@ref39]^

The DEER results obtained for GB1 T11C/V21C-CT02MA are presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The DEER trace exhibits a 10% modulation depth as reported earlier.^[@ref30]^ Considering that 100% labeling generates λ ≈ 30%, we estimated the labeling efficiency for GB1 to be about 57% per site. We have also estimated the labeling efficiency from the intensity of the ED-EPR spectrum using the free tag as reference and found for 93% PpiB and 82% for GB1. In this calculation, the protein concentration was determined using UV--vis prior to labeling and we assumed that there was 10% protein loss owing to the labeling process for both proteins. It was not possible to determine the protein concentration after labeling with this method because of the overlapping signals of the CT02MA.^[@ref30]^ The higher labeling efficiency obtained from the signal intensity can arise from the presence of some free CT02MA in the GB1 sample. Solution and in-cell echo decays are shown in [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf). In spite of the relatively low modulation depth and the short echo decay times, we were able to record DEER traces in cells frozen after incubation for 4 h postdelivery, with a reduction in λ down to 6%. The distance distribution is somewhat broader than in solution; this can be attributed to the shorter evolution time of the DEER trace. Freezing after 12 h incubation post delivery led to a significant reduction (60%) in the signal intensity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and no DEER effect could be observed, similar to the results obtained for PpiB.

![DEER results for GB1 T11C/V21C-CT02MA. (a) W-band ED-EPR spectra of HeLa cells frozen after incubation for 4 h (red) and 12 h (blue) postdelivery. The ED-EPR traces were normalized to the intensity of endogenous Mn(II). (b) Primary DEER traces and background function (gray) of the 4 h (red) and 12 h (blue) in-cell samples compared with the solution sample (50 μM in D~2~O/glycerol-d~8~, black). (c) DEER traces shown in panel b after background removal and the fitting traces obtained with Tikhonov regularization using DeerAnalysis (gray). (d) Distance distributions. The uncertainty range obtained using background decay validation for the in-cell sample is shown in light red.](jz9b03208_0003){#fig3}

We also carried out in-cell measurements, under the same conditions, with PpiB K25C/E153C labeled with BrPSPy-DO3A-Gd(III), to better understand the origin of the reduced ED-EPR signal and the absence of a DEER effect for PpiB K25C/E153C-CT02MA incubated for 12 h after cell delivery. The question is whether the decrease arises from protein degradation and expulsion from the cell or it is due to spin label reduction? BrPSPy-DO3A-Gd(III) has a higher selectivity to K25C and E153C, compared with CT02MA, and the native cysteine were not accessible even at 303 K ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). The DEER results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For this sample, a longer evolution time could be used because of the longer echo decay time for both solution and in-cell samples (see [Figures S6c and S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf)). We also observed a reduction in the ED-EPR signal intensity after 12 h, as reported earlier,^[@ref12],[@ref13]^ due to reduced protein concentration in the cell, but in contrast to the CT02MA-labeled protein, here also after 12 h of incubation a clear DEER trace with a good SNR could be obtained. A reduction in the modulation depth was detected and attributed, at least in part, to the increase in the relative contributions of the endogenous Mn(II) signals, which overlap with the Gd(III) signal (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).^[@ref12],[@ref13],[@ref15]^ Comparison of these results with those of PpiB labeled with CT02MA indicates a significant reduction of CT02MA and maybe a thiol exchange of protein-CT02MA with the reactive thiol groups in cells that cause the disappearance of the DEER effect.^[@ref41]^

![DEER results for PpiB K25C/E153C-BrPy-DO3A-Gd(III). (a) W-band ED-EPR spectra in HeLa cells incubated 4 h (red) and 12 h (blue) after electroporation. The ED-EPR traces were normalized to the intensity of endogenous Mn(II). (b) Primary DEER traces and background function (gray) of the 4 h (red) and 12 h (blue) in-cell samples compared with the solution sample (50 μM, black). (c) DEER traces shown in panel b after background removal and the fitting traces obtained with Tikhonov regularization using DeerAnalysis (gray). (d) Distance distributions.](jz9b03208_0004){#fig4}

We estimated the in-cell spin concentration from the EPR signal intensity using the endogenous Mn(II) signals as an internal standard (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf) for details). The results show somewhat higher in-cell spin concentrations for the Gd(III)-labeled sample at 4 h incubation time and, more importantly, a milder reduction over time compared with the CT02MA-labeled proteins, reflecting the higher intracellular stability of Gd(III).

###### Estimated in-Cell Spin Concentration for Samples Studied in This Work

                           in-cell EPR spin concentration (μM)[a](#t1fn1){ref-type="table-fn"}   
  ------------------------ --------------------------------------------------------------------- ------------
  PpiB-CT02MA              31.8 ± 6.7                                                            11.7 ± 3.1
  PpiB-BrPy-DO3A-Gd(III)   46.1 ± 12.5                                                           29.0 ± 8.3
  GB1-CT02MA               35.4 ± 7.4                                                            12.5 ± 3.2

Protein concentration is about half that of the spin concentration if we consider 100% labeling efficiency.

To conclude, we have demonstrated the feasibility of low temperature trityl--trityl DEER distance measurements in human HeLa cells on two doubly labeled proteins featuring means distances of 4.5--5 nm. Labeling with CT02MA withstands an in-cell incubation of 4 h, which is sufficient for most applications. We also noted the shorter phase memory time, compared with BrPSPy-DO3A-Gd(III), which we suspect is due to the methyl groups.^[@ref42]^ This shortcoming, which compromises sensitivity, can be amended by replacing the methyl groups with another group, like −CH~2~CH~2~OH. The CT02MA label may also be more limited in terms of labeling efficiency and perturbation of the protein structure, compared to BrPSPy-DO3A-Gd(III). Nonetheless, the main advantage of in-cell trityl--trityl distance measurements over Gd(III)--Gd(III) is their potential for room temperature distance measurements on biomolecules in live cells, as opposed to frozen cells. While this is still a far reaching goal, it provides an important incentive for further development of trityl tags optimized for in-cell measurements.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03208](https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03208?goto=supporting-info).Experimental details, MALDI-TOF spectra, NMR spectra, ED-EPR spectra, echo-decays, additional DEER data, stability of CT02MA labeled PpiB ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03208/suppl_file/jz9b03208_si_001.pdf))
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